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Introduction
Reduced behavioral responses to external sensory stimuli is an essential definition of sleep (Carskadon and Dement, 2011) , and is ubiquitous across the animal kingdom (Cirelli and Tononi, 2008 ). Yet, how sleep affects the responses along sensory pathways remains poorly understood. During sleep, external stimuli rarely affect perception (Nir and Tononi, 2010) , but it is also clear that some discriminative sensory processing persists (Andrillon et al., 2016) . Surprisingly, only few studies investigated sensory responses during natural sleep at the neuronal level (Hennevin et al., 2007) . Early studies (Gücer, 1979; Livingstone and Hubel, 1981) contributed to the "thalamic gating" model (Steriade and McCarley, 1990) , proposing that thalamic burst-mode activity and sleep spindle oscillations disrupt signal propagation to the cerebral cortex during sleep (McCormick and Bal, 1994; Steriade, 2003) . However, this view was challenged by sleep attenuation of responses in the olfactory cortex that are not relayed through thalamus (Murakami et al., 2005) . In addition, several recent studies in the auditory system showed that responses in the primary and secondary auditory cortex are comparable across wakefulness and natural sleep (Pena et al., 1999; Edeline et al., 2001; Issa and Wang, 2008; Nir et al., 2013) , even at times when sleep spindles occur (Sela et al., 2016) .
Do sounds effectively modulate responses in downstream association cortex during sleep?
On one hand, hippocampal-dependent memory consolidation can be promoted via Targeted Memory Reactivation (TMR) that re-presents sounds that were used as training cues or context during sleep (Oudiette and Paller, 2013) . TMR has been shown to influence hippocampal activity during sleep (Rasch et al., 2007; Rothschild et al., 2017) , suggesting that sounds can modulate activity in association cortices. On the other hand, non-invasive imaging in humans suggests that during sleep, auditory responses downstream from auditory cortex (AC) are attenuated: studies using magnetoencephalography (MEG) (Kakigi et al., 2003; Strauss et al., 2015) , electroencephalography (EEG) (Makov et al., 2017) , and functional magnetic resonance imaging (fMRI) (Portas et al., 2000) suggest comparable responses across vigilance states in early sensory regions and robust attenuation in association cortex. However, investigation of sensory responses downstream from sensory cortical regions at the level of neuronal spiking activity is still missing.
We hypothesized that the perirhinal cortex (PRC) constitutes a high-order cortical region that may show robust attenuation of sensory responses during sleep. The perirhinal cortex is a multi-modal region downstream to several primary sensory cortices, where information converges from different sensory modalities to support higher brain functions including perception and recognition memory (Kealy and Commins, 2011) . Moreover, it has been shown to contain intrinsic inhibitory mechanisms that affect information flow to the hippocampus (Decurtis and Pare, 2004; Pelletier, 2004) . Perirhinal cortex is located further downstream from the suprarhinal auditory field (SRAF) (Profant et al., 2013; Lee et al., 2016) . While perirhinal neurons reliably respond to sounds during wakefulness Furtak et al., 2007) , separate studies during anesthesia did not reveal significant auditory responses as one moves ventrally towards rhinal fissure (Doron et al., 2002) . For the above reasons, we set out to directly compare auditory responses in perirhinal cortex neurons across wakefulness and natural sleep. We also compared perirhinal response profiles to simultaneously recorded neurons in auditory cortex. We find that perirhinal cortex neurons robustly attenuate their auditory responses during sleep, in contrast to auditory cortex neurons that are minimally affected by vigilance state. In addition, we find that the response latency of each neuronal cluster (typically <20ms in AC and >40ms in PRC)
is correlated with the degree of sleep attenuation, and that in NREM sleep latency better predicts sleep attenuation than does cortical region.
Methods

Animals
Experiments were performed in 8 Long-Evans and 2 Wistar adult male rats (250-350 g) individually housed in transparent Perspex cages with food and water available ad libitum.
Ambient temperature was kept at 20-24º Celsius, and light-dark cycles of 12/12h at 10AM/PM. All experimental procedures including animal handling, surgery, and experiments followed the NIH Guide for the Care and Use of Laboratory Animals and were approved by the Institutional Animal Care and Use Committee (IACUC) of Tel Aviv University.
Surgery and implantation
Animals were anesthetized using Isoflurane (4-5% induction, 1-2% maintenance) and placed in a stereotactic frame (David Kopf Instruments; CA, USA), while maintaining body temperature around 37º Celsius using a closed-loop heating pad system (Harvard Apparatus, MA, USA). The head was shaved and Viscotear gel was applied to protect the eyes. After exposing and cleaning the skull, frontal and parietal screws (1mm in diameter) were placed over the left hemisphere for EEG recording. Two screws were placed above the cerebellum as reference and ground, and an additional anchor screw above the right frontal lobe for stabilization. Two single stranded stainless steel wires were inserted to either side of neck muscles to measure EMG ( Figure 1A ). EEG and EMG wires were soldered onto a headstage connector (Omnetics Connector Corporation; MN, USA). Dental cement was used to cover all screws and EEG/EMG wires.
A small craniotomy was performed over the right hemisphere and the dura was reflected under microscopic control. Multi-channel microwire arrays (each wire: 50 µm diameter, 45º tip angle) were implanted (Tucker-Davis Technologies Inc (TDT), Alachua, FL, USA). The arrays consisted of either 16 wires (2 rows * 8 channels, 9.5mm long) or 32 wires (4 rows * 8 channels, two short 7.5mm rows and two long 9.5mm rows), with 375µm medial-lateral separation between rows and 250µm anterior-posterior separation within each row. Implantation was made either diagonally (insertion point P: 3.6 mm, L: 4.2 mm relative to Bregma and inserted to a depth of 8mm) in angle of 22º (n=3) or vertically (P: 3.6 mm, L: 6.65 mm, D: 7.4 mm relative to Bregma) after the temporalis muscle was gently separated and retracted from the bone (n=7, Figure 1B ). After implantation, the craniotomy was covered with silicon gel (Kwik-Sil; World Precision Instruments, FL, USA) and the electrode array was fixed in place with Fusio (Pentron, Czech Republic). Dexamethasone (1.3 mg/kg) was given during recovery with food to reduce pain and edema around implanted electrodes.
Histology
At the end of each experiment, rats were deeply anesthetized (5% isoflurane) and transcardially perfused with saline followed by 4% paraformaldehyde. Brains were refrigerated in paraformaldehyde for at least a week, and sectioned in 50-60 µm serial coronal sections using a Vibrating Microtome (Leica Biosystems, Israel). Slices were stained with fluorescent cresyl-violet (Rhenium, Modi'in, Israel)
Electrophysiology and spike sorting
All electrophysiological data were acquired using an RZ2 high performance processor (TDT).
We continuously recorded extracellular spiking activity (24.4 kHz, filtered 300-5000 Hz) and local field potential (filtered 0.5-300 Hz) from the same microwire electrodes. Epidural EEG (filtered 0.5-300 Hz) and EMG (filtered 10-100 Hz) were first pre-amplified (RA16LI, TDT). All data were digitally sampled by a PZ2 amplifier (TDT) and synchronized with a video system RV2 (TDT). LFP, EEG and EMG data were resampled to 1000Hz using custom Matlab scripts (The MathWorks, Natick, MA, USA). Spike sorting was performed offline with 'wave_clus' (Quiroga et al., 2004) using a detection threshold of 5 SD above the median (median(|data|⁄0.6745, Figure 3A ), and applying automatic superparamagnetic clustering of wavelet coefficients followed by manual refinement based on consistency of spike waveforms and inter-spike-interval distribution ( Figure 3B&C ).
Auditory stimulation
All experiments were conducted in a sound-attenuation (-55dB) chamber (H.N.A, Kiriat Malachi, Israel). Sounds were synthesized in Matlab, transduced to voltage signal (195kHz sampling rate, RZ6, TDT), passed through a zero-amplification speaker amplifier (SA1, TDT), and played free field via a magnetic ultrasonic speaker (MF1, TDT) mounted 55 cm above the center of the cage ( Figure 1E ). Given the free-field setup, stimulus intensity at the animal's ears in each trial inevitably varies depending on precise position relative to speaker. We measured sound intensity (values below) with an ultrasonic calibration microphone (PCB Piezotronics model 378C01, Depew, NY, USA) placed directly below the speaker in the center of the cage. During experiments, a wide battery of 36 sounds (500ms each, except for a 1ms click stimulus) were delivered, including: pure tone pips (3kHz, 6kHz, 12kHz, 24kHz, 48kHz) at three different volumes (76, 82, 93 db SPL); single octave band-passed white noise (centered on the same frequencies as tone pips); 40Hz click trains (with 3 intensities as above), and single clicks. In addition, we presented behaviorally relevant sounds of prerecorded (Avisoft Bioacoustics; www.avisoft.com) ultrasonic rodent vocalizations (USV, 24 kHz, 42 kHz, 66 kHz, and six types of 60kHz), were concatenated to produce 500ms-long stimuli. Finally, in an attempt to generate behaviorally-meaningless stimuli with nearidentical physical features, three additional vocoded vocalizations were generated by taking the first three USVs above, identifying their principle frequency, and modulating a pure tone of this frequency using their original sound intensity envelopes.
Experimental Design
Three days prior the surgery, rats were moved with their home cage inside an acoustic chamber for habituation to the experimental environment. After surgery, a recovery of one week was allowed undisturbed for renormalization of the sleep/wake. Next, 2-3 additional days were used for habituation to recording cable and to auditory stimulation. Experimental sessions lasted 5-9h and started between 10:00-12:00 to maximize REM sleep trials in the late 'lights-on' afternoon sleep hours. All 36 stimuli were presented in a pseudorandom order with an average inter-stimulus-interval of 2.5±0.4s (with jitter). There was a pause of 10 minutes after every cycle of 24 repetitions of all stimuli.
Sleep Scoring
Sleep scoring was based on a combined manual examination of frontal and parietal EEG, EMG, and video data, using custom Matlab software, which enabled precise marking of state transitions. Data were divided to six vigilance states ( Figure 2A ) as in (Datta and Hobson, 2000) : (1) Quiet wake: low voltage-high frequency EEG, and high tonic EMG. (2) Active wake: , active wake (13±4.8% of data), or intervals not matching these six states (5±2.8% of data). Joint-distributions of EMG levels and EEG high-/low-frequency power ratio ( Figure 2E) were calculated based on 4s epochs. Power ratio was defined as power>25Hz divided by power<4Hz in the frontal EEG.
Analysis of auditory responses
Detection of significant responses. We detected time intervals of significant increased neuronal activity in responses to auditory stimuli as follows: First, each trial was smoothed by convolution with a Gaussian kernel (σ=8ms). Then, a one tailed Mann-Whitney test compared, across trials, each millisecond within a 600ms interval (500ms of stimulus + 100ms following it), against all 500ms periods of baseline activity. We corrected for the 600 multiple comparisons using False-Discovery-Rate (Benjamini and Yekutieli, 2001) with base alpha of 0.001. Responses shorter than 12ms were excluded, and undetected intervals shorter than 4ms that preceded and followed responses were categorized as misses and bridged with adjacent intervals. In REM sleep, where less data were available, we restricted analysis to those stimuli that had at least 15 trials.
Latency of neuronal responses. To detect the peak latency of each neuronal cluster, we first quantified its responses to pure tones and click stimuli during wakefulness. For each stimulus, the PSTH was smoothed with a Gaussian kernel (σ=8ms). Peak latency was first defined for each stimulus separately as the peak of a significant response within the first 100ms. Then, peak latency was defined for each neuron as the average of its peak latencies across stimuli. Computing response latencies jointly across all states did not reveal significant changes to the main results. Figure 6B we identified two distinct populations of neurons that could be reliably separated according to their peak response latency, where 85% of neurons with responses <40ms were in AC, and 89% of neurons with responses >40ms were in PRC. We therefore defined either early-or late-responding neurons as those with peak latency of <20ms or >40ms respectively, leaving out neurons with peak latencies of 20-40ms from the analysis based on latency to avoid ambiguity. Precise cutoffs for early vs. late neurons (e.g. 15/20/25ms vs. 30/40/50ms) did not significantly affect the results.
Definition of early and late responding neurons. Based on the result in
In order to identify early-and late-responding neurons on the same microwires ( Figure   6E&F ) we focused on channels with at least two units exhibiting a difference >20ms in response latency, with the shorter latency < 20ms.
Comparison across vigilance states. For each unit, stimulus, and pair of states to be compared (e.g. wakefulness vs. NREM sleep) separately, we identified temporal intervals with significant responses in either state (as above). The response magnitude in both states was computed in these same intervals, after subtraction the pre-stimulus baseline activity in each state. Then, gain modulation factors between vigilance state pairs for each neuronal cluster were calculated as:
where a,b are the averaged response magnitudes in each state. Distributions of gain factors across neurons are summarized as median, and [lower and upper] 95% confidence intervals around the median (Campbell and Gardner, 1988) .
Statistics. All data analysis was carried out using custom Matlab scripts. Unless stated otherwise, a two tail Mann-Whitney U test was used to assess statistical significance.
Multiple-comparisons were corrected via False-Discovery-Rate (Benjamini and Yekutieli, 2001) . Stimuli were presented in a pseudorandom order, and interleaved across vigilance states due to the natural fragmented sleep of rodents. Sleep scoring was blind to the timing of auditory trials.
Data and code availability:
The data that support the findings of this study and the computer code used to generate the results are available from the corresponding author upon reasonable request.
Results
To study sensory processing along the auditory-mnemonic hierarchy across wakefulness and sleep, we implanted adult male rats (n=10) with microwires targeting the right AC (n=7) and/or PRC (n=7, Figure 1) . After a week of recovery and habituation, we presented a wide battery of sounds (including tones, clicks and click trains, white noise, rat vocalizations, and vocoded vocalizations) in 12 experimental sessions lasting 5-8h each, as animals spontaneously switched between vigilance states in their home cage during the light phase.
Sleep scoring was performed based on EEG, EMG and video (Figure 2A & Methods) . Quiet wake, NREM sleep, and REM sleep composed 15±6.3%, 41±6.2%, and 8±2.4% of experiment time, respectively (mean±SD, Figure 2B&C ) and exhibited characteristic changes in EEG power spectra including increased slow wave activity in NREM sleep, and higher theta/highfrequency activity in wakefulness and REM sleep ( Figure 2D ).
We isolated 435 neuronal clusters (130 single-units, 305 multi-unit clusters; Figure 3A ,B&C) that significantly responded to auditory stimuli in at least one vigilance state (out of 485 neuronal clusters in total). To compare between activities in the two regions, neurons were separated into AC (n=178) and PRC (n=132) based on histology in all cases where that provided unequivocal information (n= 8 sessions in 6 rats) ( Figure 1 ). Analysis of baseline firing rates revealed that AC neurons exhibited 21-26% higher firing rates during wakefulness (6.0±0.6Hz) or REM sleep (5.6±0.6Hz) compared to NREM sleep (4.4±0.4Hz, p values ≤ via signed-rank tests). In contrast, baseline firing rates of PRC neurons was higher during REM sleep (5.3±0.6Hz) in comparison to wakefulness (4.7±0.5Hz, 12% difference) and NREM sleep (4.3±0.4Hz, 23% difference; p-values≤0.001, via signed-rank tests, Figure 3D ).
Auditory responses in AC and PRC neurons across wakefulness and sleep
To examine auditory-evoked discharges, neuronal responses were aligned to sound onset, and an automatic algorithm detected significantly responsive intervals around stimulus presentation ( Figure 3E & Methods) . We compared auditory spiking responses across vigilance states in each cortical region. In line with previous studies (Issa and Wang, 2008; Nir et al., 2013) , spiking responses in AC neurons exhibited similar profiles across vigilance states whereas PRC neurons exhibited weaker responses in both NREM and REM sleep ( Figure 4) .
We proceeded to systematically and quantitatively compare the response magnitude of each neuron in wakefulness and sleep states across the entire dataset ( Figure 5A ). PRC neurons showed attenuation with median gain factor of -47% (Confidence Interval CI = [-56%, -34%]) in NREM sleep and -36% (CI= [-43%, -30%]) in REM sleep ( Figure 5B 
Response latency of each neuronal cluster is associated with its sleep attenuation
Auditory responsive neuronal clusters fell into two distinct categories based on their peak latency during wakefulness ( Figure 6A ). Responses of early-responding neurons with peak latencies <20ms were mostly (85%) observed in AC, whereas the majority (89%) of lateresponding neurons with peak latencies >40ms were found in PRC ( Figure 6B and Methods).
Next, we went beyond a binary separation to early-and late-responding neurons, and found a significant correlation (r=-0.55, ) between peak latency and NREM sleep gain attenuation ( Figure 6C) , and a more modest correlation (r=-0.24, p=0.001) between peak latency and REM sleep gain attenuation (not shown).
Given the tight link between response latency and NREM sleep attenuation, we re-examined how sleep affect the auditory responses of 'atypical' neurons (n=41) where latency did not match the typical latency profile of the anatomical region (i.e. late-responding AC neurons or early-responding PRC neurons). We found that late-responding AC neurons show a substantial attenuation profile resembling that observed in PRC (gain factor of -43%, CI= [-60%, -25%]), whereas early-responding PRC neurons only showed modest attenuation in NREM sleep, as was observed in AC (gain factor of -3%, CI= [-16%, 33%], Figure 6D ). Finally, in the few cases where two neuronal clusters were identified on the same microwire and showed distinct response latencies (n=15 pairs, Figure 6E ), we found a robust (8-fold) difference in gain attenuation during NREM sleep such that early-responding neurons showed a modest average gain (-5.4±9.8%) vs. robust (-41±8.6%) attenuation for lateresponding neurons (mean±SEM, p=0.003 via signed-rank test, Figure 6F ). In REM sleep, attenuation did not clearly follow response latency as was the case during NREM sleep (not shown), nor did we observe a significant difference between attenuation for neuronal pairs with different latencies recorded on same microelectrodes (p=0.07, +5% in early-responding neurons vs. -20% in late-responding neurons).
Discussion
The present results reveal how natural sleep differentially affects auditory responses along the cortical sensory hierarchy. We find that PRC exhibit robust attenuation of response Downstream to the primary auditory cortex, a previous study in marmosets (Issa and Wang, 2008) showed that secondary auditory cortices also exhibit preserved responses between vigilance states. However, studies of sensory processing beyond early sensory regions during natural sleep are limited. One study (Vinnik et al., 2012) found that a subset of hippocampal neurons in the rat do exhibit robust sensory responses during natural sleep. Another study (Pereira et al., 2007) reported increased hippocampal responses to microsimulation of the rodent somatosensory whisker system during sleep. This discrepancy with the robust attenuation we find here in rat PRC may reflect differences in sensory modalities, or differences between natural stimuli used here vs. ultra-short electrical stimulation.
In AC, comparable early responses in natural sleep observed here are in line with several recent reports (Pena et al., 1999; Edeline et al., 2001; Issa and Wang, 2008; Nir et al., 2013) .
In addition, a recent study comparing auditory responses at the neuronal level in humans across wakefulness and light anesthesia found a similar distinction between relatively preserved early responses in AC vs. robust attenuation of late responses in association cortex (Krom et al., 2018) . What could be the source of apparent discrepancy with earlier studies in other sensory modalities that reported attenuated spiking responses in primary cortices during natural sleep? One possibility is that auditory processing is relatively immune to thalamic gating. Along this line, residual sensory processing during sleep has been demonstrated mainly using acoustic and linguistic stimuli (Bastuji and García-Larrea, 1999; Hennevin et al., 2007) . However, a closer examination of the original results (Evarts, 1963) indicates that the response latency of attenuated responses is around 80-100ms, in line with our observation that during NREM sleep, response latency better predicts sleep attenuation than anatomical region ( Figure 6 ). Other classical studies in primary somatosensory and visual cortices (Gücer, 1979; Livingstone and Hubel, 1981) only considered neurons with robust responses during wakefulness and quantified their response profiles in sleep, leaving out potential responses that could be stronger/exclusively present in sleep. Future studies comparing responses between vigilance states should take into consideration the existence of sleep responses that diminish during wakefulness.
We find that early AC responses are comparable across both NREM and REM sleep, whereas PRC responses were attenuated in NREM sleep, and to a lesser extent during REM sleep. We propose that the degree of response attenuation in high-order cortex mirrors the depth of sleep as defined behaviorally. Indeed, in the rat arousal thresholds are higher in NREM sleep (compared with REM sleep) and with increased slow wave activity (Neckelmann and Ursin, 1993; Hayat et al., 2019) . Along this line, light NREM sleep is associated with a lower arousal threshold (Emris et al., 2010; Hayat et al., 2019) and we find it exhibits a more modest response attenuation than both NREM sleep and REM sleep.
The robust correlation of NREM sleep attenuation with response latency suggests that NREM sleep may exert a gradual attenuation of cortical responses, rather than imposing a discrete 'gate' at a specific brain region. As a first approximation, AC and PRC are associated with different response latency profiles (Lee et al., 2016) and differ also in their degree of response attenuation during sleep. However, a closer examination of neuronal clusters with 'atypical' latencies reveals that their attenuation during NREM sleep is better predicted by their classification to early/late-responders rather than their anatomical location ( Figure 6 ).
The fact that late responses exhibit stronger attenuation in NREM sleep is in line with the notion of breakdown of cortical effective connectivity during NREM sleep (Massimini et al., 2005) that may lead to greater attenuation with increasing synaptic connections. By contrast, we could not reveal robust relation between response latency and attenuation in REM sleep, in line with the partial recovery of effective connectivity during REM sleep (Massimini et al., 2010) . Thus, during REM sleep other mechanisms may be at play. For example, although speculative, it is possible that during REM sleep ongoing mnemonic activity during dreaming interferes with bottom-up sensory processes (Nir and Tononi, 2010; Andrillon et al., 2016) .
Of note, we employed a passive auditory stimulation scheme where sounds were not associated with specific behaviors or rewards. This approach allowed us to distill changes related to vigilance state per-se, without confounding processes that boost responses to behaviorally-relevant stimuli during wakefulness. Future studies could compare how sleep may differentially affect responses to such salient stimuli beyond the effects described here.
In conclusion, we find a robust attenuation of late responses in high-order sensory association cortex during natural sleep at the level of individual neuronal spiking. Building on the anatomical and temporal markers of sleep attenuation found here, future studies can elucidate the precise mechanisms underlying the sensory disconnection of sleep. (A) Example responses to click and tone pip stimuli during wakefulness in an early-responding neuron (two left columns) vs. a late-responding neuron (two right columns). Grey shades denote stimulus presentation times, horizontal purple bars indicate automatically-detected response intervals, and arrows mark peak response used for early-vs. late-categorization (latencies from left to right: 16, 14, 80, and 62ms). (B) Distribution of peak response latencies in auditory cortex (orange line, typically <20ms) vs. perirhinal cortex (blue line, typically > 40ms). Gray shading marks clusters with 'atypical' latencies in each area (>40ms in AC and <20ms in PRC) that are analyzed separately in panel D. (C) Scatter plot of wake vs. NREM sleep gain factor (y-axis) vs. peak response latency (x-axis) for each neuron, colored accordance to anatomical region. Upper right corner shows Pearson correlation coefficients and corresponding statistical significance, representing a tendency of lateresponding neurons to exhibit larger differences in response magnitude between wakefulness and NREM sleep. (D) Examination of neurons with 'atypical' latencies for their region (gray shaded areas in panel B). Left, wake/NREM sleep gain factor distribution of AC neurons with long (>40ms) response latency (n=28). Right, wake/NREM sleep gain factor distribution of PRC neurons with short (<20ms) response latency (n=13). Vertical purple lines marks median gain factors (also in purple text on top). Note that latency better predicts sleep attenuation than anatomical region does. (E) Example responses (raster plot & PSTH) of two neuronal clusters identified on the same microelectrode, showing different peak latencies (left, 14ms, right, 45ms) in response to the same sound (3kHz pure
